We report on the generation of Q-switched and Q-switched mode-locked (QML) pulses in an erbium-doped fiber ring laser by using a polyvinyl alcohol (PVA) -based gold nanorod (GNR) saturable absorber (SA). The PVAbased GNR SA has a modulation depth of ∼4.8% and a non-saturable loss of ∼26.9% at 1.5 μm. A Q-switched pulse train with a repetition rate varying from 18.70 to 39.85 kHz and a QML pulse train with an envelope repetition rate tuning from 20.31 to 31.50 kHz are obtained. Moreover, the lasing wavelengths of the Q-switched pulses can be flexibly tuned by introducing a narrow bandwidth, tunable filter into the laser cavity. The results demonstrate that the GNRs exhibit good optical performance and can find a wide range of applications in the field of laser technology.
Fiber lasers capable of generating Q-switched and Q-switched mode-locked (QML) pulses have attracted considerable attention for their widespread applications, which range from basic research to optical communication, spectroscopy, and material processing that relies on their high-pulse energy output and controllable repetition rate [1, 2] . At present, both actively and passively modelocked techniques have been used to achieve Q-switched and QML pulses in fiber lasers. Introducing electro-or acousto-optic modulators enables the actively Q-switched fiber laser to attain a tunable and robust repetition rate. However, the cumbersome and complicated laser systems limit their wide range application [3] . On the contrary, passively Q-switched fiber lasers have the advantages of compactness and simplicity because they use different kinds of saturable absorbers (SAs). The metal-doped bulk crystal and the semiconductor saturable absorber mirror (SESAM) are the most common SAs used for the passive Q-switching operation [4, 5] . However, the complex fabrication process and limited operation bandwidth of SESAMs should be taken into consideration. Such limitations motivate research on new materials for SAs. Recently, novel nanomaterials such as the carbon nanotube [6] [7] [8] , graphene [9] [10] [11] , and the topological insulator [12] [13] [14] have been intensively studied due to their fast recovery time, large third nonlinearity, and broadband saturable absorption characteristics. They show excellent optical performance and good compatibility with the fiber laser, and can be integrated into the cavity to construct a compact, Q-switched fiber laser [15] [16] [17] [18] [19] [20] [21] . Very recently, gold nanorods (GNRs) have gained particular interest due to the unique features of their surface plasmon resonances (SPRs), which originate from the collective oscillations of the conduction electrons. There are two SPR absorption peaks in the absorption spectrum of GNRs. One is the longitudinal SPR absorption peak, while the other is the transverse one. Interestingly, the position of the longitudinal SPR absorption peak can be widely tuned by varying the aspect ratio of the nanorods, and then can be conveniently shifted to the near-infrared region, which is in the operation waveband of fiber lasers. In addition, the saturable absorption of the longitudinal SPR has been observed with the z-scan technique. The thirdorder nonlinear optical properties of GNRs have been investigated as well [22, 23] , suggesting that the GNRs could function as a promising nanomaterial for the fabrication of high-performance SAs. Indeed, by virtue of the advantage of large nonlinearity, picosecond recovery time, and tunable saturable absorption waveband, GNRs are used in fiber laser as SAs for realizing passively Q-switched operations [24, 25] . To further exploit the potential applications in a GNR-based fiber laser, it is necessary to investigate a wavelength-tunable Q-switched operation and a QML operation.
In this Letter, Q-switched and QML pulse outputs from an erbium-doped fiber (EDF) ring laser are investigated by employing GNRs as SAs. A polyvinyl alcohol (PVA) -based GNR SA with a modulation depth of ∼4.8% and a non-saturable loss of ∼26.9% is obtained at 1.5 μm. The repetition rate of the Q-switched pulse can vary from 18.70 to 39.85 kHz by changing the pump power from 29.7 to 96.3 mW. The envelope repetition rate of the QML pulse trains can be tuned from 20.31 to 31.50 kHz by increasing the pump power from 49.7 to 80 mW. Moreover, the wavelength tunable operation of the Q-switched pulse from 1549.58 to 1558.22 nm has been investigated by introducing a tunable bandpass filter into the cavity. The experimental results indicate that GNRs are indeed a good candidate for the ultrafast saturable absorption device in pulsed fiber lasers.
The GNRs was synthesized by the high-efficiency, modified seed-mediated method, similar to our previous work in Ref. [26] . The obtained GNRs were purified by centrifuging them twice at 10000 rpm for 15 min. the fabricated GNRs were prepared by removing the supernatant and re-dispersing the precipitate in ultrapure water. The structure of the GNRs was observed by a transmission electron microscope (TEM, JEM-2100), as shown in Fig. 1(a) . From the images, a large quantity of GNRs with some nanoparticle byproducts can be clearly seen. The average diameter is ∼17.2 nm. The inset of Fig. 1 (a) presents the as-synthesized aqueous solution of the GNRs, which has a purplish red color. Figure 1 (b) illustrates the histogram of the aspect ratio distribution of the GNRs. The aspect ratio of the GNRs varies from 5.5 to 13.5, indicating that the GNRs have broadband absorption that will cover the 1550 nm waveband according to the method of discrete dipole approximation [27] . The PVA-based GNR SA is prepared by mixing aqueous dispersion of GNRs and the PVA solution, as reported in Ref. [14] . The filmy GNR SA is formed at room temperature on a slide glass. With the help of the deionized water, which was dripped on the fiber's end face, the small film could be easily transferred to the end face of the optical fiber, as shown in Fig. 2(a) . To get further insight into the optical properties of the GNRs film, the saturable absorption of the PVA-based GNRs SA was characterized by a balanced twin detector measurement technology [28] . Figure 2 (b) provides the saturable absorption data of the GNR SA. The modulation depth and the non-saturable loss are ∼4.8% and ∼26.9%, respectively. The saturable absorption phenomenon of the GNRs could be derived from the conduction band transition of the s-p electron, which induces bleaching in the ground-state plasmon absorption [22, 29] . The schematic of the proposed Q-switched EDF laser is shown in Fig. 3 . A 4.8 m long EDF is used as the gain medium and is pumped by a 980 nm laser diode via a 980/1550 nm wavelength division multiplexer. The polarization state of the circulating light in the laser cavity can be controlled by two polarization controllers (PCs). In order to ensure a unidirectional operation, a polarization insensitive isolator was employed. The prepared GNR SA was sandwiched between the optical fiber connectors so that it could modulate the optics circulating in the fiber laser. The total laser cavity length is ∼51.4 m, corresponding to the repetition rate of ∼4 MHz The output laser emission is taken by a 10/90 coupler. An oscilloscope, together with a photodetector and an optical spectrum analyzer, are used to analyze the temporal and spectral properties of the output signal.
Firstly, the GNR SA was not spliced in the laser cavity. In this case, no Q-switched operation could be observed. In contrast, when the GNR SA was incorporated into the cavity, the Q-switched pulse occurred at a pump power of 27.6 mW with the proper setting of the PCs, confirming that the saturable absorption of the GNR film had been activated to initiate the Q-switching. Figure 4 shows the characteristics of a typical Q-switched operation at a pump power of 56.4 mW. As is shown in Fig. 4(a) , the pulse train has the repetition rate of 23.67 kHz, which corresponds to a time interval of 42.24 μs. The zoomedin view of the single Q-switched pulse profile is presented in the inset of Fig. 4(a) , which shows a pulse width of ∼5.14 μs. Figure 4(b) shows the corresponding optical spectrum with the central wavelength of 1566.5 nm.
Then, we investigate the Q-switched pulse evolution with varying pump powers at fixed PCs setting. As illustrated in Fig. 5(a) , the time interval between the adjacent Q-switched pulses becomes narrower with the increased pump power. The repetition rate of the pulse train is increased from 18.70 to 39.85 kHz when the pump power varies from 34.4 to 96.3 mW. Figure 5(b) shows the measured temporal width and repetition rate of the Q-switched pulses versus the pump power. It should be noted that the pulse duration first decreases and subsequently increases. The minimum pulse duration is ∼4.53 μs at a pump power of 74.2 mW, which might be a sign that the Q-switching is changing to another operational state [30] . It is worth mentioning that the pulse duration could be further shortened by reducing the length of the laser cavity [31] . These results coincide well with the inherent features of the Q-switched fiber laser.
To obtain the wavelength tunable Q-switched operation, a tunable bandpass filter with a bandwidth of 0.9 nm is introduced into the cavity to select the lasing wavelength. Since the tunable filter brings a large insertion loss and limits the spectral bandwidth, the Q-switched threshold is increased up to 132.4 mW. Then, in the following experiment, we fix the pump power at the proper value of 202.2 mW and continuously tune the transmission wavelength of the filter with the fixed PC settings. Figure 6 (a) presents the spectrum of the wavelengthtunable Q-switched operation. The central wavelength can vary from 1549.58 to 1558.22 nm, and the Q-switched operation remains stable in the process of tuning. The variations in the spectral intensities can probably be ascribed to the difference between the cavity loss and the gain effect of the EDF at different wavelengths [1, 32] . Figure 6(b) shows the typical Q-switched pulses centered at 1558.22 nm. A single pulse with a duration of ∼4.67 μs is shown in the inset of Fig. 6(b) . The dependent relations of the repetition rate, average output power, the pulse duration, and the energy of Q-switched pulses with respect to the different central wavelengths are presented in Figs. 6(c) and 6(d). When the central wavelength shifts from a short wavelength (1549.58 nm) to a long wavelength (1558.22 nm), the repetition rate decreases gradually from 36.13 to 29.88 kHz, and the pulse energy increases almost linearly from 19.69 to 23.49 nJ. The output power fluctuation is insignificant; it reaches the maximum value of 0.73 mW at 1554.14 nm, and the pulse width fluctuates around 4 μs during the wavelength tuning process. In this experiment, the tuning range of the Q-switched operation could be limited by the saturable absorption bandwidth of the GNR-based SA. One further improvement could be made by mixing the GNRs with different aspect ratios, which might enable the GNRs to create a broadband SA.
With the proper setting of the PCs and the proper pump power, the state of the Q-switching operation could be evolved into a QML operation in the laser cavity. The pulse of the QML is uniformly sequenced in a train and displays a large Q-switched envelope, which appears on top of the mode-locked pulses. Figure 7(a) shows the different repetition rates of the QML pulse trains under different pump powers. As can be seen, the envelope repetition rate of the QML pulse trains can be tuned from 20.31 to 31.50 kHz when the pump power increases from 49.7 to 80 mW. Figure 7(b) shows the typical zoomed-in image of the QML pulse that is shown in Fig. 7(a) . It can be clearly seen that a train of laser pulses is contained in the Q-switching envelope. The temporal width of the Q-switched envelope is ∼12.64 μs, and the time interval between the internal pulses is ∼250 ns. The corresponding optical spectrum can be seen in Fig. 7(c) . The central wavelength of the QML pulses is 1567.6 nm with a 3 dB bandwidth of 0.68 nm. To investigate the stability of the QML pulses in detail, the radio frequency spectrum is measured, as presented in Fig. 7(d) . A central frequency peak along with many side frequency components occurred in the radio frequency spectrometer. The central peak with a signal-to-noise ratio of ∼56 dB is located at 4.0 MHz, which corresponds to the fundamental repetition rate of mode locked pulses. The frequency offset between the adjacent side frequency components is 20.3 kHz, corresponding to the repetition rate of the Q-switched envelope. This electrical spectrum indicates that an amplitude modulation at a frequency of 20.3 kHz is imposed onto the continuous 4.0 MHz mode-locked pulse train [33] . The observation confirms that the SA provides the required mechanism to initiate and sustain a Q-switched mode-locking operation in which the GNR SA is the key component. Note that the switching between operation states depends on the pulse energy under the control of the PCs and pump power. Therefore, if the intra-cavity pulse energy gets close to the switching threshold, the fiber laser could switch to the QML regime [34] . Hence, with the proper setting of the PCs and pump power, the transition from Q-switching to a QML operation is realized.
In conclusion, we demonstrate a filmy GNR SA-based, passively Q-switched and QML EDF laser. The PVA-based GNR SA is confirmed to show a modulation depth of ∼4.8% and a non-saturable loss of ∼26.9% at 1.5 μm. Moreover, the tunable repetition rate of the Q-switched and the QML are obtained under different pump powers. By introducing a tunable bandpass filter into the cavity, the wavelength tunable operation of the Q-switched pulses is also achieved. The results of our experiment indicate that GNRs exhibit good optical performance and have potential applications in pulsed fiber lasers. 
